The effects of high-fructose diet on adipose tissue insulin signaling and inflammatory process have been poorly documented. In this study, we examined the influences of long-term fructose intake and resveratrol supplementation on the expression of genes involved in insulin signaling and the levels of inflammatory cytokines and sex hormones in the white adipose tissues of male and female rats. Consumption of high-fructose diet for 24 weeks increased the expression of genes involved in insulin signaling including IR, IRS-1, IRS-2, Akt, PI3K, eNOS, mTOR, and PPAR , despite induction of proinflammatory markers, iNOS, TNF , IL-1 , IL-18, MDA, and ALT, as well as anti-inflammatory factors, IL-10 and Nrf2 in adipose tissues from males and females. Total and free testosterone concentrations of adipose tissues were impaired in males but increased in females, although there were no changes in their blood levels. Resveratrol supplementation markedly restored the levels of MDA, IL6, IL-10, and IL-18, as well as iNOS, Nrf2, and PI3K mRNA, in adipose tissues of both genders. Dietary fructose activates both insulin signaling and inflammatory pathway in the adipose tissues of male and female rats proposing no correlation between the tissue insulin signaling and inflammation. Resveratrol has partly modulatory effects on fructose-induced changes.
Introduction
The regional storage of fat tissue varies between male and female gender. Adipose tissue has a function as endocrine and metabolic organ secreting several hormones and factors that affect fat and glucose metabolism as well as insulin sensitivity [1] . Disruption of adipose tissue function and production of inflammatory cytokines may aggravate the development of metabolic disorders [2] . Moreover, the expansion of white adipose tissue was determined to be related with insulin resistance and low-grade inflammation [3] . Effect of insulin is initiated by its receptor activation through insulin receptor substrates (IRS-1 and IRS-2), which triggered downstream signaling pathways in adipocytes. In obesity, macrophages infiltrate adipose tissue and begin to induce proinflammatory cytokines, such as interleukin-1 beta (IL-1 ), tumor necrosis factor alpha (TNF ), and interleukin-6 (IL-6), which can interfere with insulin signaling in adipocytes [4] . However, little is known about the influence of dietary components, such as fructose, on visceral fat accumulation and its function. High-fat diet feeding was found to cause early onset of insulin resistance and activation of inflammatory process particularly in vasculature and then in skeletal muscle and liver but lately in adipose tissue indicating a less sensitivity of fat tissue to detrimental effects of nutritional factors [5] . Moreover, high-fructose diet in rats has been reported to activate the inflammatory factors such nuclear factor kappa B (NF B) and TNF in the liver, but not in the adipose tissue, showing its tissue-specific effects [6] . In this sense, we have shown that dietary high-fructose corn syrup (HFCS) for 12 weeks caused early vascular injury and insulin resistance, but there was a subinflammatory state in the liver, despite increased hepatic lipogenesis [7, 8] . The mechanism of insulin resistance and its relation to inflammatory process in the different tissues, especially in adipose tissue, are poorly understood [9] .
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The growing global epidemic of metabolic syndrome may be related with an excessive consumption of fructose in current human diet, particularly in the form of sweetened beverages. Some evidence supports that estrogen protects females from the signs of diet-induced metabolic disturbances [10] [11] [12] . However, the differential disease susceptibility depending on diet composition between males and females is not well investigated and experimental metabolic syndrome studies are generally performed on male animals. High-fructose diet is well documented to provoke metabolic disturbances in male rats; however, it remains to be established if there are differences in adipose tissue reactivity to dietary fructose between males and females. Recently, we suggested that fructose-induced metabolic dysfunction could be related with abdominal fat accumulation, but independent of the general obesity, in the females, differently from the males [13] . Furthermore, in the above study, we also showed that resveratrol, a multifunctional compound, which is found in grape and wine, leads to a significant decrease in omental weight in association with the improvement of hyperinsulinemia and hypertriglyceridemia in male and female rats upon fructose feeding. The investigation of effects of high-fructose diet on adipose tissue insulin signaling and inflammatory process and their modification by resveratrol will provide new insights to understand the mechanisms. Therefore, herein, we investigated the effects of dietary fructose and resveratrol supplementation on gene expressions of insulin signaling elements and inflammatory cytokines in adipose tissue of male and female rats. Thus, in this study with long-term high-fructose diet (for 24 weeks, 10% beverage), we aimed to make a simulation for the consumption of current high-carbohydrate diet in human subjects.
Materials and Methods

Chemicals.
Chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) unless otherwise stated. Fructose was obtained from Danisco Sweeteners OY (Finland) and trans-resveratrol was from Herb-Tech (ROC). The purity of resveratrol was tested by HPLC followed with LC-MS and 98% of the constituent was determined as trans-resveratrol.
Animals and Diets.
The animal protocols were approved by the Ethical Animal Research Committee of Gazi University (GU ET-10.045). Four-week-old male and female Wistar rats were housed under temperature-and humiditycontrolled rooms (20) (21) (22) ∘ C) with a 12 h light-dark cycle. The animals were fed with a standard rodent chow diet that was composed of 62% starch, 23% protein, 4% fat, 7% cellulose, standard vitamins, and salt mixture. After acclimation for 1 week, male and female rats were randomly divided into four groups as control, resveratrol, fructose, and resveratrol plus fructose (resveratrol + fructose). Fructose was given to the rats as 10% solution in drinking water ad libitum for 24 weeks. Resveratrol was added to chow at a dose of 500 mg/kg, which was kept under protection from light. All rats were fed with the standard diet with or without resveratrol ad libitum for 24 weeks. Body weights and food and liquid intakes were recorded weekly during the follow-up period. The daily resveratrol ingestion was calculated from the amount of chow intake. The daily fructose consumption was determined by measuring the liquid intake. The female rats were randomly chosen on different days of the estrous cycle on the time of sacrifice. At the end of the follow-up period, the rats were anesthetized with a mixture of ketamine-xylazine (100 and 10 mg/kg, resp., i.p.) and thereafter, blood samples were rapidly collected via cardiac puncture. The omental adipose tissues were dissected, blotted dry, weighed, and frozen in liquid nitrogen and stored at −85 ∘ C.
Measurement of Metabolic Parameters in the Plasma and
Adipose Tissue. Cardiac blood samples of nonfasted male and female rats were immediately centrifuged at 4 ∘ C and 10,000 g for 30 min. Adipose tissue samples were homogenized with 0.1 M phosphate buffer 1 : 10 (w/v), pH 7.4, and 24,000 cycles/min (Ultra Turrax, USA) and then ultrasonicated at 20,000 cycles/sec for 1 min (Dr. Hielscher, Germany). Homogenates were centrifuged at 4 ∘ C at 10,000 g for 15 min and the supernatants were collected. All samples were stored at −85 ∘ C until analysis.Plasma triglyceride levels and alanine aminotransferase (ALT) and aspartate transaminase (AST) activities were determined by using standard enzymatic techniques (Biolabo, France). Insulin (Mercodia, Sweden), estradiol, free and total testosterone, TNF , IL-1 , IL-6 and interleukin-10 (IL-10) (eBioscience, USA), interleukin-18 (IL-18) levels (Cusabio, China) were measured by using commercial ELISA kits according to the manufacturer's instructions. Malondialdehyde (MDA) levels were measured with thiobarbituric acid reactive substances (TBARS) assay kit (Cayman Chemical, USA).
Determination of the Gene Expressions with Real Time
Polymerase Chain Reaction. Total RNAs were isolated from the abdominal tissues using RNeasy total RNA isolation kit (Qiagen, Venlo, Netherlands) as described according to the manufacturer protocol. After isolation, the amount and the quality of the total RNAs were determined by spectrophotometry and agarose gel electrophoresis. Then, 1 g of total RNA was reverse-transcribed to cDNA using commercial first-strand cDNA synthesis kit (Thermo Scientific, USA). Expression levels of insulin receptor beta (IR ), IRS-1, IRS-2, protein kinase B (Akt), phosphoinositide 3-kinase (PI3K), endothelial nitric oxide synthase (eNOS), sirtuin 1 (SIRT1), mammalian target of rapamycin (mTOR), peroxisome proliferator-activated receptor gamma (PPAR ), nuclear factor erythroid 2-related factor 2 (Nrf2), nuclear factor kappa B (NF B), and inducible nitric oxide synthase (iNOS) genes were determined with real-time polymerase chain reaction (qRT-PCR, LightCycler480 II, Roche, Basel, Switzerland). To do this, 1 L cDNA, 5 L 2X SYBR Green Master Mix (Roche FastStart Universal SYBR Green Master Mix), and primer pairs (Table 1) at 0.5 M concentrations in a final volume of 10 L were mixed and qRT-PCR was performed as follows: initial denaturation at 95 ∘ C for 10 minutes, denaturation at 95 ∘ C for 10 seconds, annealing at 58 ∘ C for 15 seconds, and extension at 72 ∘ C for 15 seconds with 45 repeated thermal cycles measuring the green fluorescence at the end of each extension step. All reactions were performed in triplicate and the specificity of PCR products was confirmed using melt analysis. The relative expression of genes with respect to internal control glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was calculated with the efficiency corrected advance relative quantification tool provided by the LightCycler5 480 SW 1.5.1 software.
Statistical Analysis.
All data are given as mean ± standard error of the mean; is the number of rats. Statistical comparisons were performed by using unpaired Student's -test or one-way ANOVA followed by the Bonferroni post hoc test. values smaller than 0.05 were considered as statistically significant.
Results
The Effects of Dietary Fructose and Resveratrol on Metabolic and Endocrine Parameters in the Plasma and the Adipose
Tissues. The data representing body weight, omental fat mass, daily food, and liquid and caloric intakes, as well as resveratrol and fructose ingestions of rats, have been published in our recent study [13] ; however, they were again included in Table 2 to facilitate understanding of the current study. Dietary fructose caused a significant body weight gain in male rats ( < 0.05 versus corresponding control), which is reduced with resveratrol supplementation ( < 0.05 versus corresponding fructose), but not in female rats (Table 2) . Importantly, fructose treatment augmented omental fat mass in both male and female rats ( < 0.05 versus their corresponding control groups), which responded to resveratrol supplementation with a significant reduction ( < 0.05 versus their corresponding fructose groups, Table 2 ). High-fructose diet increased plasma triglyceride and insulin levels ( < 0.05 versus their corresponding control groups), which are significantly reduced by resveratrol ( < 0.05 versus their corresponding fructose groups), in both genders (Table 2) as demonstrated in our recent study [13] . Resveratrol decreased insulin level in adipose tissue of healthy female rats ( < 0.05 versus corresponding control). Dietary fructose increased insulin level in adipose tissue of both male and female rats ( < 0.05 versus their corresponding control groups), which responded to resveratrol supplementation with a significant reduction ( < 0.05 versus their corresponding fructose groups, Table 3 ).
Resveratrol decreased free testosterone level in adipose tissue but increased in plasma of healthy female rats ( < 0.05 versus corresponding control). Dietary fructose did not affect the plasma level of testosterone in both genders; however, this dietary intervention impaired the total and free testosterone concentrations of adipose tissue in males ( < 0.05 versus corresponding control) and contrarily increased those of females ( < 0.05 versus corresponding control). Moreover, fructose feeding decreased estrogen level in adipose tissue of females ( < 0.05 versus corresponding control), without changing in that of males. Resveratrol supplementation diminished free and total testosterone levels in adipose tissue of females upon fructose feeding ( < 0.05 versus corresponding fructose, Tables 2 and 3) .
The Effects of Dietary Fructose and Resveratrol on Cytokines and Oxidative Stress Markers in the Adipose Tissues.
Results show that female control rats have significantly lower IL-1 , IL-6, and TNF levels as compared to the males, but there was an opposite condition for AST activity ( < 0.05). Resveratrol decreased MDA, ALT, and AST levels in adipose tissue of healthy female rats, but only IL-1 in those of males ( < 0.05 versus their corresponding controls, Table 3 ). High-fructose diet caused marked elevation in MDA, ALT, and AST levels in adipose tissues of male and female rats ( < 0.05 versus their corresponding controls). Inflammatory cytokines, TNF , IL-1 , IL-6, IL-10, and IL-18 levels were also elevated in adipose tissues of male and female rats by dietary fructose intervention ( < 0.05 versus their corresponding controls). Resveratrol supplementation significantly reduced MDA, IL-6, IL-10, and IL-18 levels in adipose tissues from male and female rats upon fructose feeding ( < 0.05 versus their corresponding fructose groups). Moreover, this supplementation also decreased ALT, AST, and TNF levels in the females ( < 0.05 versus corresponding fructose group, Table 3 ).
The Effects of Dietary Fructose and Resveratrol on IR , IRS-1, IRS-2, Akt, PI3K, eNOS, SIRT1, mTOR, PPAR , Nrf2, , and iNOS Gene Expressions in the Adipose Tissues. The gene expression levels of IR , IRS-1, IRS-2, Akt, PI3K, eNOS, SIRT1, mTOR, PPAR , Nrf2,
, and iNOS in the adipose tissue samples from male and female rats were established by real-time PCR analysis. Dietary fructose increased IR , IRS-1, IRS-2, Akt, PI3K, eNOS, mTOR, PPAR , Nrf2, and iNOS mRNA expressions in the adipose tissue samples from male and female rats ( < 0.05 versus their corresponding control groups), whereas no changes were observed in and SIRT1 mRNA expressions of both genders (Figures 1(a)-1(l) ). There was a blunted increase in iNOS and PPAR mRNA levels in the adipose tissue of female rats in response to dietary fructose ( < 0.05 versus their corresponding males). However, taken all together, being female does not provide any protection against harmful effects of fructose.
Resveratrol supplementation significantly reduced PI3K and iNOS mRNA expressionsin male and female rats upon fructose feeding. However, this supplementation decreased Akt, PPAR , and eNOS mRNAs only in the females, and Nrf2 mRNAin the males ( < 0.05 versus their corresponding fructose groups, Figures 1(a)-1(l) ).
Discussion
A characteristic feature of metabolic syndrome is enlargement of visceral adipose tissue. In a very recent study, we have shown that dietary fructose causes an increase in the plasma level of insulin and triglyceride, in association with expansion of omental mass, pointing metabolic syndrome and increased visceral adiposity in male and female rats [13] . The effect of high-fructose diet on adipose tissue insulin signaling and its relation to inflammatory process are not well characterized. Extending our study, herein, we focused on the influence of long-term fructose intake in the expression of genes involved in insulin signaling and inflammatory cytokines in the adipose tissue of rats of both genders. Our findings showed that dietary fructose-induced visceral fat accumulation led to increased expression of genes functioning in insulin signaling, changed endocrine function, and activated proinflammatory and anti-inflammatory markers, in adipose tissue from male and female rats. Gender-dependent differences to fructose feeding were not prominent suggesting that being female does not provide any advantage in protection from harmful effects of fructose. Resveratrol supplementation restored the increased levels of MDA, IL-10, and IL-18 as well as expression of iNOS and PI3K mRNAs in adipose tissue from both genders; however, its effectiveness on the insulin signaling pathway and other parameters measured was limited or rather gender-dependent. Our recent findings revealed that dietary fructoseinduced metabolic disorder is more likely linked to abdominal fat accumulation, but independent of the general obesity. Long-term dietary fructose increased body weight of males, whereas it did not change that of females [13] . Visceral adipose tissue mass was increased in subjects consuming fructose-sweetened beverages, not those consuming glucosesweetened beverages, suggesting that dietary fructose is more closely associated with metabolic disease and adiposity [14] . Insulin signaling in adipocytes is initiated by its receptor activation through IRS-1 and IRS-2 transmitting signal to the intracellular effectors. Insulin signaling also elongates various links to eNOS, SIRT1, PPAR , and mTOR pathways [9, [15] [16] [17] . Insulin may activate lipogenic genes and stimulate lipogenesis in adipocytes, recognized as de novo fatty acid synthesis, but the mechanisms are less known than those of liver [9] . In the liver, high-fructose diet causes hyperinsulinemia and increased lipogenesis which in turn raises ectopic lipid deposition, despite hepatic insulin resistance and inadequate control of hyperglycemia [8, 18, 19] . High-fat and fructose diets were shown to stimulate lipogenesis by increasing FAS gene expression in adipose tissue of mice [20] [21] [22] . Differently, it has been reported that the expression of lipogenic transcription factor SREBP1 and lipogenesis are decreased in adipose tissue of obese mice, although expression of inflammatory genes in adipocytes and hepatic lipogenic capacity are increased [23, 24] . These results revealed that lipogenic response in adipose tissue in the metabolic syndrome and obesity has not yet been entirely understood. 
, and iNOS (l) in the adipose tissues of male and female rats from the control, resveratrol (Res), fructose (Fruc), and Res + Fruc groups. Data was normalized by GAPDH. Each bar represents the means of at least six rats. Values are expressed as mean ± SEM, = 6-12.
* Significantly different ( < 0.05) compared to control group; # significantly different ( < 0.05) compared to fructose group; † significantly different ( < 0.05) compared to male group. Previously, it has been shown that disruption of IRS-2 in mice caused a marked insulin resistance in adipose tissue [25] . Phosphorylation of IRS-1 and IRS-2 was detected to be increased in adipose tissue lysates of hyperinsulinemic mice [20] . Herein, we detected an elevation in adipose tissue level of insulin and upregulation of IR , IRS-1, and IRS-2 mRNAs, as well as insulin downstream effectors Akt, PI3K, eNOS, mTOR, and PPAR mRNAs, but no change in SIRT1 mRNA expression, in association with expansion of omental mass of male and female rats. This could be a differing situation to those seen in other insulin sensitive organs such as liver, muscle, and vascular system, where downregulation of insulin signaling had been determined as a consequence of fructose consumption in rodents [7, 8, 13, 26, 27] . It is therefore tempting to propose that the upregulation of insulin signaling pathway in adipose tissue leads to the increased visceral adiposity. In studies investigating dietary fructose on fat tissue, short-term fructose solution drinking (10% fructose for 3 weeks) was found to decrease the expression of IRS-1 and IRS-2 genes in enlarged abdominal adipose tissue of rats [28, 29] . Consumption of high-fructose corn syrup (for 10 months) caused downregulation of IRS-1 gene in association with increased expression of TNF , IL-1 , and IL-6 in intraabdominal adipose tissue, but not in those of liver and skeletal muscle, in mice [30] . These tissue-specific and contradictory results warrant additional studies to understand the accurate influence of fructose given in diet on the insulin effectors in adipose and other sensitive organs.
In obesity, macrophages infiltrate adipose tissue and begin to induce proinflammatory cytokines, such as IL-1 , TNF , and IL-6, which contribute to insulin resistance [4] . Long-term treatment of adipocytes with IL-6, IL-1 , or TNF was shown to inhibit insulin signaling and cause insulin resistance [31, 32] . High-fructose diet in rats has been reported to activate the inflammatory factors including NF-B and TNF in the liver, differently from the adipose tissue, signifying tissue-specific effects of dietary fructose [6] . Herein, dietary fructose increased the levels of proinflammatory markers, iNOS, TNF , IL-1 , IL-18, MDA, and ALT, as well as antiinflammatory factors, IL-10, Nrf2, and mTOR, in adipose tissues from males and females. These latter factors could be activated as a compensatory mechanism to counteract inflammation as reported previously in adipose tissue [16, 33, 34] . In this sound, mRNA level of PPAR / , which is an insulin sensitizing molecule, was found to be increased in visceral adipose tissue from insulin-resistant patients, in spite of the presence of inflammatory condition, proposing a compensatory mechanism [35] , in accordance with our results with increased expression of PPAR mRNA due to fructose diet. A recent study showed that fructose-enriched diet (for 8 weeks) activates proinflammatory cytokine IL-6, accompanied by a reduction of PPAR , without causing hyperinsulinemia, in adipose tissue of rats [36] . In a related study, it has been shown that high-fructose diet lowered IL-10, but did not change TNF levels; however, PPAR / deficiency made the insulin resistance apparent, in association with increased inflammatory markers, in adipose tissue of mice [37] . The discrepancy between the aforementioned and the present studies can be ascribed to the differences in the method and feeding duration to induce metabolic disorder. Regarding gender differences to fructose diet, all our above results indicated that being female does not provide any advantage in protection from harmful effects of this nutritional intervention.
Our data with sex hormones demonstrated that dietary fructose changes endocrine function of adipose tissues of rats, in which total and free testosterone levels were impaired in males, but increased in females. Differently, estrogen level was decreased in the females without changing in the males. There was no change in the blood levels of testosterone and estrogen, which is partly consistent with previous results in high-fructose-fed rats [38, 39] . The significance of reciprocal adverse effect of dietary fructose on testosterone levels of males and females, as well its diminishing effect on estrogen of females, in the adipose tissues remains to be understood, which could be an imperative issue. On the other hand, restoring effect of resveratrol on testosterone level in adipose tissue of females may have a potential interest.
Resveratrol supplementation did not change the increased IR , IRS-1, and IRS-2 mRNA expressions in adipose tissue of high-fructose-fed male and female rats. However, we found a decrease in PI3K mRNA in both genders, as well as in Akt, eNOS, and PPAR mRNA expressions in females after resveratrol supplementation. It was previously reported that resveratrol treatment restored the insulin-stimulated Akt (Ser 473 ) phosphorylation in liver and adipose tissue, but not in the skeletal muscle, of high-fat-fed mice [40] . In high-fat, high-sugar diet-fed rhesus monkeys, resveratrol supplementation was shown to increase IRS-1 protein levels but decrease Akt (Ser 473 ) phosphorylation in visceral adipose tissue [41] . In that study, resveratrol was also demonstrated to increase SIRT1 expression in visceral, but not subcutaneous, adipose tissue. Herein, SIRT1 mRNA level was not changed with resveratrol treatment in both genders. In our recent studies, resveratrol supplementation increased IRS-1 mRNA and protein as well as IRS-2 mRNA levels in liver, but not in vascular tissue, of rats fed with HFCS [7, 8] . However, in a comparison study between genders, we determined some differences on vascular upregulation of the IRS-1 of males and IRS-2 of females upon fructose feeding by resveratrol treatment [13] . Thus, it can be assumed that diversity in the effects of resveratrol on insulin signaling pathway may depend on the types of tissues, animals, and diets as well as gender.
A decrease in MDA, IL-6, IL-10, and IL-18 levels as well as in Nrf2 and iNOS mRNAs was observed after resveratrol supplementation to fructose feeding male and female rats. Additionally, TNF , AST, and ALT levels were reduced in females which may have a gender-dependent response to resveratrol. These findings are consistent with earlier observations showing that resveratrol suppressed inflammatory cytokine expression and oxidative stress markers in adipose tissue of rats [42] and epididymal fat tissues of mice [5] and adipose tissue of rhesus monkeys [41] . Current findings suggested that resveratrol could be more effective on inflammatory parameters in adipose tissue from females than those of males upon fructose feeding. Regarding gender differences, resveratrol decreased insulin, free testosterone, MDA, and ALT and AST levels in adipose tissue of healthy female rats, but only IL-1 in those of males. These findings also showed that resveratrol has gender-dependent potential.
In conclusion, dietary fructose-induced gene expression in insulin signaling pathway, in association with the activation of inflammatory markers, led us to propose that there could be no correlation between insulin signaling and inflammation in adipose tissue of male and female rats. Resveratrol has limited modulatory effects on these unexpected changes. Further studies are necessary to clarify the relationship between insulin signaling pathway and inflammation in adipose tissue due to fructose diet.
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